ABSTRACT: Hydrogel microparticles with controlled structures have drawn attention in various biomedical applications, yet it remains challenging to fabricate such microparticles in a simple manner. We demonstrate facile fabrication of chemically functional and monodisperse hydrogel microspheres with controlled macroporous structures. Specifically, highly uniform poly(ethylene glycol)-based microspheres containing an aminopolysaccharide chitosan are fabricated in a simple micromolding technique utilizing surface tension-induced droplet formation followed by photoinduced polymerization. The as-prepared microspheres show macroporous and/or intriguing core−shell structures by polymerization-induced phase separation. Fluorescent labeling studies indicate stable incorporation of chitosan with retained chemical reactivity. The utility of the controlled macroporous structures in programmable biomacromolecular assembly is thoroughly examined with conjugation of model biomolecules via click chemistries.
■ INTRODUCTION
Hydrogel microparticles consisting of cross-linked hydrophilic polymer networks have gained increasing attention in biomedical application areas as therapeutic agent carriers, 1, 2 biosensing platforms, 3, 4 and building blocks for tissue engineering 5, 6 due to the ability to transport small species through the networks in microscopic environments, 7 ease of functionalization, 7, 8 and biocompatibility. 9 In addition, desired performances of the hydrogel particles toward specific needs can be achieved by controlling their structures such as morphologies and mesh sizes. 7, 9 Traditionally, hydrogel particles have been fabricated via batch processes using dispersion or emulsion polymerization, yet these particles are generally polydisperse. Emerging microfluidics-based techniques have been utilized to fabricate highly uniform hydrogel microspheres with complex 3D structures 10 (i.e., multicompartmental) and shape-encoded nonspherical particles. 3 However, these techniques have limitations in precise control of fabrication parameters, needs for complex devices, and lack of scalability. 11 Sequential layer deposition approaches 12−14 allow for fabrication of multilayered hydrogel microspheres, yet these approaches have limitations of arduous multistep procedures. Recently, a micromolding-based technique exploiting surface tension-induced droplet formation has emerged, which allows highly uniform microspheres to be readily fabricated with fine-tuning of their sizes by simple change of mold volume without any delicate controls or complex devices. 15 Furthermore, the convenience of batch processing of this technique allows a wide range of fabrication parameters to be readily tuned and ease of mass production via parallelization.
Meanwhile, network structures of the hydrogel particles can pose mass transfer limitation (i.e., hindered diffusion) particularly for large biomolecules. 16, 17 While the network structures (i.e., mesh sizes) can be tuned by their cross-linking density, 9 it remains challenging to lower the cross-linking density while retaining mechanical integrity and well-defined shapes. 18, 19 Various porogens are also utilized to increase the mesh sizes, 8 yet such approaches can lead to nonuniform network structures and/or compromised mechanical integrity. Therefore, there exist critical needs for facile fabrication strategies for uniform and macroporous hydrogel microparticles with controlled structures.
In the meantime, hydrogel particles often contain chemically reactive functional groups such as carboxylic acids and primary amines as covalent conjugation sites for loading materials (from small chemicals to large biomolecules). 2, 20, 21 However, these functional groups are generally in charged forms under physiological conditions (i.e., neutral pH) due to their own pK a values, 2, 22, 23 making them less efficient for conjugation reactions 24 and leading to nonspecific binding via electrostatic interaction. 25 A naturally derived oligosaccharide chitosan provides high content of primary amine groups with uniquely low pK a value (∼6.4), offering efficient handles for covalent conjugation via standard amine-reactive reactions. 26 In this paper, we demonstrate a facile fabrication scheme for chemically functional and macroporous hydrogel microspheres with controlled structures. For this, we enlisted a chitosan− poly(ethylene glycol) (PEG) hybrid system and a simple micromolding-based method utilizing surface tension-induced droplet formation and polymerization-induced phase separation (PIPS), as shown in the schematic diagram of Figure 1a . Briefly, aqueous prepolymer solution made by simple mixing of chitosan and PEG diacrylate (PEGDA) is filled into crossshaped PDMS micromolds. Upon addition of hydrophobic wetting fluid (N-hexadecane with photoinitiator, PI) on the filled molds, prepolymer droplets are readily formed (brightfield micrograph, inset of Figure 1a ) by surface tension at the interface between the prepolymer solution and the wetting fluid. 15 The droplets are then exposed to UV light to cross-link the prepolymer solution via photoinduced radical polymerization, 27 leading to PIPS-based core−shell structure formation within monodisperse chitosan−PEG microspheres. We also examine utility of these microspheres as biomolecular conjugation platforms by exploiting high yield bioorthogonal conjugation reactions ("click chemistries"; strain-promoted alkyne−azide cycloaddition (SPAAC) and tetrazine−transcyclooctene (Tz−TCO) cycloaddition reactions).
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The results show that our simple micromolding-based fabrication approach allows consistent fabrication of monodisperse microspheres with mechanical integrity for a wide range of PEGDA contents. Morphology of the microspheres (i.e., uniform or core−shell) is controlled via PIPS occurring at specific PEGDA concentration ranges, without any delicate controls, complex devices, or multistep procedures. Fluorescent labeling of the microspheres via an amine-reactive chemistry confirms that chitosan moieties are incorporated with PEG networks in a stable manner with retained chemical reactivity. Next, biomolecular conjugation results with fluorescein-labeled single-stranded (ss) DNAs (F-ssDNA) and red fluorescent protein R-phycoerythrin (R-PE) confirm well-defined and macroporous network structures of the microspheres, permitting programmable conjugation of the biomolecules and improved protein conjugation capacity as well as kinetics.
Combined, our results demonstrate a facile micromoldingbased fabrication approach for highly uniform microspheres with controlled macroporous structures and their utility in biomolecular conjugation. We thus expect that our facile fabrication−conjugation approach can be readily enlisted to manufacture potent microscale materials with programmable functionalities for various biomedical applications 1−6 in a consistent and scalable manner.
■ RESULTS AND DISCUSSION
Simple Micromolding-Based Fabrication of Highly Uniform Chitosan−PEG Microspheres. As shown in Figure  1 , we first demonstrate that highly uniform and core−shell structured chitosan−PEG microspheres are readily fabricated via surface tension-induced droplet formation followed by photoinduced radical polymerization from an aqueous mixture of short-chain chitosan (M n 5 kDa, 0.5% w/v) and PEGDA (M n 700 Da, 30% v/v) as the prepolymer solution.
The bright-field micrographs in Figure 1b show progress of the droplet formation; the prepolymer solution starts to move from the edge of the molds toward the center upon addition of the wetting fluid (N-hexadecane with photoinitiator, PI), and the spherical droplets are formed within 2 min. This result is consistent with a recent study by Choi et al., 15 where the authors attributed the droplet formation of 100% PEGDA prepolymer to pressure difference between the edge and the center of the molds, caused by surface tension at the interface between the prepolymer and the wetting fluid. Meanwhile, more hydrophilic, aqueous prepolymer solution (70% water) in our system should lead to higher pressure difference allowing for more reliable droplet formation.
Next, Figure 1c shows that UV exposure leads to two different phases in a droplet within 5 s (i.e., core−shell structure marked with long and short arrows) and that the droplet is polymerized while retaining the core−shell structure (i.e., minimal difference in morphology of the cross-linked droplets upon 3 min UV exposure with an 8 W hand-held UV lamp). We attribute this core−shell structure in the cross-linked droplets (i.e., microspheres) to the polymerization-induced phase separation (PIPS). 31, 32 To confirm our hypothesis, we examined the microsphere fabrication procedure with nonpolymerizable and polymerizable systems, as shown in Figure  S1 (Supporting Information). First, nonpolymerizable systems (e.g., no PI or acrylates) show no two distinct phases upon UV exposure. In contrast, the polymerizable systems both with and without chitosan clearly show core−shell structure. These results indicate that cross-linking of the PEGDAs during the polymerization results in phase separation within the droplets, leading to formation of the core−shell structure. To further examine morphology of the microspheres, we utilized binding affinity of red fluorescent dyes (sulforhodamine B) to PEG networks 33 as shown in Supporting Information Figure S2 . Upon incubation of the microspheres in sulforhodamine B solution, the confocal micrograph of Supporting Information Figure S2 at the center plane of a microsphere shows that the core area is significantly brighter than the shell, suggesting that the microsphere consists of PEG-rich core and PEG-poor shell domains (further discussed in Supporting Information Figure  S2 ). In short summary, the results in Figure 1c and Supporting Information Figures S1 and S2 demonstrate PIPS-based formation of core−shell (PEG rich and poor respectively) structure in the droplets composed of 30% PEGDA. Next, Figure 1d shows highly uniform microspheres with 214 μm diameter (coefficient of variation, C.V. < 1%) in aqueous solution (i.e., swollen state), consistent with the results by Choi et al. 15 Meanwhile, Figure 1d inset shows that the core−shell structure of the microsphere (marked with long and short arrows respectively) still remains upon swelling in aqueous solution.
The results in Figure 1b −d demonstrate that our approach for the fabrication of highly uniform and core−shell structured microspheres is simple and robust. Specifically, our fabrication scheme utilizing one step droplet formation and spontaneous PIPS-based core−shell structure formation is simple and robust, compared to other microfluidics-based methods requiring complex devices and delicate fluid control 10 Furthermore, no surfactants are utilized in our fabrication system unlike conventional emulsion polymerization 34 and microfluidics-based methods, 10 owing to localization of the droplets on the molds. In addition, our approach readily permits fabrication of microspheres with varying sizes by simply changing the mold volume. 15 The attainable minimum sphere size depends on the resolution of PDMS molds, as well as viscosity and/or wettability of the prepolymer solution, and is roughly 20 μm (data not shown). Meanwhile, the minimum sphere size can be further reduced with other simple routes such as solvent evaporation (down to submicrometer). 35 Next, Choi et al. reported that the maximum sphere size is determined by the surface tension-induced pressure difference allowing for droplet formation (>100 Pa). 15 While this study reported the maximum size of ∼200 μm diameter with 100% PEGDA prepolymer, such microspheres are readily fabricated with aqueous prepolymer compositions with lower PEGDA content in a consistent and reliable manner in our study. We expect that our system using more hydrophilic prepolymer solution can readily expand the upper limit of sphere size by inducing sufficient pressure difference with even larger molds. Overall, the results in Figure 1b −d show that monodisperse and core−shell structured chitosan−PEG microspheres are readily fabricated in our simple micromolding scheme.
We next examined the effect of PEGDA concentration on swelling ratio and water content of the chitosan−PEG hydrogel microspheres, as shown in Figure 1e . For this, we fabricated microspheres with prepolymer solutions containing varying concentrations of PEGDA (10−50% v/v) and fixed amount of chitosan (0.5% w/v), and sphere diameters were measured under wet and dry states (Supporting Information Figure S3 ), from which sphere volumes, swelling ratio, and water content were calculated (Supporting Information Equation S1 and S2). The wet microspheres (curve with open squares) show minimal difference in diameter for the entire range of PEGDA concentrations (less than 15%). In contrast, the dry microspheres (curve with open circles) show significant decrease in diameter with decreasing PEGDA concentration. Thus, the difference in diameter between wet and dry states increases with decreasing PEGDA concentration, leading to substantial difference in volumetric swelling ratio (γ) between spheres fabricated with 10% (γ = 7.4) and 50% (γ = 2.0) PEGDA. Accordingly, the water content of wet microspheres (curve with solid circles) increases with decreasing PEGDA concentration, up to 87% in the case of 10% PEGDA microspheres. Meanwhile, consistently small error bars in Figure 1e indicate highly uniform microspheres for all PEGDA concentrations examined. In addition, the as-prepared microspheres show minimal deviation from spherical geometry; x-y diameter ratio only slightly increases from 1.01 ± 0.01 for 10% PEGDA to 1.05 ± 0.02 for 50% PEGDA, further suggesting the reliable nature of our fabrication approach. Importantly, substantially low polymer content microstructures with retained mechanical integrity and uniform shape (down to 5% PEGDA, data not shown) are readily fabricated via our micromolding-based method, which is challenging with PDMS-based stop-flow lithography and replica molding technique 18, 19 (detailed discussion in Supporting Information Figure S3 ). Combined, the results in Figure 1e demonstrate that our simple micromolding-based technique allows consistent fabrication of microspheres with a wide range of PEG contents.
Chemical Reactivity and Distribution of Chitosan in Microspheres with Varying PEG Contents. As shown in Figure 2 , we further examined the effect of PEGDA concentration on chitosan distribution in the chitosan−PEG microspheres via fluorescent labeling. For this, microspheres were fabricated with prepolymer solutions composed of varying concentrations of PEGDA (10−70%) and fixed amount of chitosan (0.5%) and then incubated in aqueous solutions of carboxyfluorescein succinimidyl ester (NHS−fluorescein). As shown in the schematic diagram of Figure 2a , the unshared electron pairs of primary amine groups on the chitosan backbone attack the electron-deficient carbon in the ester linkage of NHS−fluorescein (i.e., bimolecular nucleophilic substitution (S N 2) reaction 36 ) to rapidly form stable amide linkages (i.e., amidation), 24 resulting in fluorescent labeling of the microspheres. The fluorescently labeled microspheres were imaged with epifluorescence and confocal microscopy.
Chemistry of Materials
First, the bright-field micrographs ( Figure 2b −f, top row) show uniform chitosan−PEG microspheres for all the PEGDA content conditions examined, consistent with the results in Figure 1e . Meanwhile, the apparent two different phases in the microspheres (i.e., core−shell structure shown in Figure 1 ) are observed only at 20% and 30% PEGDA conditions (arrows in the top row of Figure 2c ,d). This result indicates that the PIPSbased core−shell structure formation occurs at specific PEGDA concentration ranges (further discussed below). Next, the fluorescence micrographs corresponding to the bright-field ones (Figure 2b−f, middle row) show distinguishable fluorescence on all the chitosan−PEG microspheres, in contrast to no or minimal fluorescence for negative controls (i.e., microspheres without chitosan, Supporting Information Figure  S4 ). This result indicates that most of the fluorescence on the chitosan−PEG microspheres results from the specific S N 2 reaction between the NHS−fluorescein and chitosan's amines with minimal nonspecific binding, confirming stable incorporation of chitosan with retained chemical reactivity in the microspheres for all PEGDA concentrations employed as in our recent study. 19 We hypothesize that this stable incorporation of chitosan is mainly due to copolymerization between chitosan and PEGDA at chitosan's amines during radical polymerization (i.e., amine-radical reaction), 37, 38 whose efficiency is lower than that of the reaction between acrylates themselves. 39 In addition, total fluorescence of the microspheres appears to increase with increasing PEGDA concentration, indicating increase in chitosan incorporation (further quantified in Supporting Information Figure S6 ). Meanwhile, microspheres fabricated with long-chain chitosan (MW ∼200 kDa) showed equivalent fluorescence intensity to the ones with the short-chain chitosan (M n 5 kDa) used throughout this study (data not shown). Long-chain chitosan should be more likely to be incorporated via the amine-radical reaction due to higher number of amines per chitosan chain. Thus, this equivalent fluorescence suggests that major portion of the short-chain chitosan is incorporated with retained chemical reactivity. Note, the chitosan's primary amines with uniquely low pK a value (∼6.4) can be readily enlisted for covalent conjugation via standard amine-reactive reactions (e.g., using isothiocyanates, NHS esters, sulfonyl chlorides, etc. 24 ) under neutral pH conditions. 26 In contrast, the pK a values of common amine-containing components are above 9 (10.5 for lysine, 40 ≥ 9 for N-terminal groups of amino acids, 40 and 9−10 for aminosilane 41 ), making them heavily protonated and much less efficient for amine-reactive reactions under neutral pH. 24 Next, the middle row of Figure 2b −f shows different types of fluorescence (i.e., chitosan) distribution on the microspheres with varying PEGDA concentrations. First, the microspheres fabricated with 10% PEGDA show significantly low yet uniform fluorescence. Next, the microspheres fabricated with 20% and 30% PEGDA show bright and dim fluorescence at the core and the shell regions, respectively, indicating core−shell-like chitosan distribution (marked with arrows). Meanwhile, the core region appears to expand with increasing PEGDA concentration in the fluorescence micrographs as well as in the bright-field ones, reaching uniform morphology throughout the microspheres for the 40% PEGDA condition (also in 50% PEGDA, data not shown). Lastly, uniform fluorescence with some regions showing substantially bright yet irregular fluorescence (arrows in the middle row of Figure 2f ) is observed on the microspheres fabricated with 70% PEGDA (also with 60% PEGDA, data not shown), suggesting aggregated forms of chitosan.
To further investigate the chitosan distribution within the microspheres in detail, we next examined the center plane of the fluorescently labeled microspheres via confocal microscopy in the bottom row of Figure 2b −f. First, the confocal micrographs show distinguishable fluorescence on the center plane of all the microspheres examined, confirming that small NHS−fluorescein molecules (MW 473.4 Da) readily penetrate into the polymer networks of the microspheres and react with the chitosan's primary amines (i.e., minimal mass transfer limitation of small molecules into the microspheres). Next, the 10% PEGDA microspheres (Figure 2b, bottom) show weak yet uniform fluorescence (FI = 41 ± 9) throughout the center plane of the microspheres, indicating low degree of chitosan incorporation. This result also suggests minimal phase separation between chitosan and PEGDA during the mixing step of the prepolymer solution and polymerization. We attribute this low chitosan incorporation at 10% PEGDA condition to low polymerization efficiency. 18 Also, large mesh size of the polymerized PEG networks at 10% PEGDA condition should allow unconjugated and relatively small chitosan molecules (M n 5 kDa) to diffuse out of the PEG networks upon washing (supported by the mesh size examination in Figure 3) . Next, the 20% and 30% PEGDA microspheres (Figure 2c ,d, bottom row) clearly show lower fluorescence at the shell of the microspheres (marked with short arrows, FI = 50 ± 3 and 85 ± 2 for 20% and 30% PEGDA, respectively) than around the core (marked with long arrows, FI = 240 ± 6 and 189 ± 5 for 20% and 30%, PEGDA respectively), indicating relatively lower chitosan incorporation at the shell regions, comparable with that in the 10% PEGDA microspheres (FI = 41 ± 9). Note that these chitosan-rich core and the chitosan-poor shell regions in Figure 2d correspond well with the PEG-rich core and the PEG-poor shell domains from noncovalent adsorption of sulforhodamine B in Supporting Information Figure S2 . This result suggests that the core−shell like chitosan distribution should result from the PIPS-based core−shell structure formation. In other words, the polymerization initiated at the surfaces of droplets should lead to cross-linked and immobile PEG networks, occupying volume of the polymerizing droplets from the surfaces. At the same time, the short polymeric mobile components (i.e., un-cross-linked PEGDAs and unconjugated chitosans) should be simply pushed into the core area possibly due to volume exclusion and poor compatibility with the crosslinked PEG networks (i.e., PIPS). This localization of chitosan moieties migrating with PEGDAs should lead to incorporation with the locally concentrated PEGDAs around the core of the droplets via chemical binding and/or physical entrapment. 19 This hypothesis on PIPS-based formation of core−shell structures is further supported by microsphere fabrication with acrylate-modified chitosan (Supporting Information Figure S5 ) that is more efficiently copolymerized with PEGDA (Supporting Information Figure S6 ) and thus less mobile than unmodified chitosan; microspheres fabricated with the acrylate−chitosan show a bright fluorescence layer near the sphere surfaces unlike those with unmodified chitosan (Figure  2c,d) , indicating suppressed chitosan migration toward the core of the microspheres during polymerization (i.e., PIPS). Meanwhile, the bottom row of Figure 2c −e clearly shows that the chitosan-rich core region expands with increasing PEGDA concentration and then finally occupies most of the center plane of the microsphere (Figure 2e , bottom; 40% PEGDA), resulting in relatively uniform chitosan distribution as shown in the middle row of Figure 2e . Combined with the results shown in the top row of Figure 2c −e (i.e., broadening core region with increasing PEGDA concentration), we attribute the relatively uniform chitosan distribution and morphology of the microspheres at higher PEGDA concentration to rapid polymerization rate 27 leading to immediate formation of the PEG networks with small mesh sizes (less than 1 nm 42 ), allowing for minimal migration of chitosans and PEGDAs toward the core region of the droplets. Lastly, 70% PEGDA microspheres clearly show irregular fluorescence regions (arrows in Figure 2f , bottom), suggesting aggregated chitosan. We attribute this aggregation to incompatibility in 70% PEGDA solution (i.e., aqueous two-phase system 43 of 70% PEGDA and 0.5% chitosan), shown in a phase diagram of the prepolymer solution based on the turbidity measured via UV− vis spectrophotometry (Supporting Information Figure S7) .
In short summary, the results in Figure 2 show retained chemical reactivity of chitosan's primary amines in chitosan− PEG microspheres via fluorescent labeling, which then allows examination of chitosan distribution in the microspheres confirming core−shell structure formation, as well as chitosan incorporation in a semiquantitative manner.
Conjugation of Biomolecules with Chitosan−PEG Microspheres via SPAAC Reaction. In order to further evaluate the 3D network structures and utility of the chitosan− PEG microspheres in the conjugation of biomacromolecules, we next enlisted strain-promoted alkyne−azide cycloaddition (SPAAC) reaction, as shown in Figure 3 . Specifically, the microspheres with varying PEG contents (10−30% PEGDA) 
Article were activated with azadibenzocyclooctyne (ADIBO) molecules using ADIBO−sulfo−NHS ester that reacts with chitosan's amines via S N 2 reaction 44 as shown in the schematic diagram of Figure 3a . These ADIBO-activated microspheres were then reacted with 2 μM of azide-modified biomolecules with different sizes for 24 h, azide-terminated and fluoresceinlabeled single-stranded (ss) DNA (F-ssDNA, MW 6 kDa) and azide-activated red fluorescent protein (R-phycoerythrin; R-PE, MW 240 kDa). The microspheres missing ADIBO-activation were utilized as negative controls.
First, the fluorescence micrographs (Figure 3b −g, top rows) show distinguishable fluorescence on the ADIBO-activated microspheres for all PEGDA concentrations examined, in contrast to negligible fluorescence on the negative controls (Figure 3b−g, middle rows ). This result confirms selective conjugation of both biomolecules (F-ssDNA and R-PE) with the microspheres via SPAAC reaction without any nonspecific binding, consistent with our recent study. 44 Next, the microspheres fabricated with 10% PEGDA show uniform fluorescence throughout the microspheres for both F-ssDNA and R-PE, while the microspheres fabricated with 20−30% PEGDA show higher fluorescence near the surfaces. The total fluorescence on these microspheres decreases with increasing PEGDA concentration. Meanwhile, the ADIBO-activated 40% PEGDA microspheres show negligible fluorescence upon the conjugation reaction (Supporting Information Figure S8 ), indicating that the number of conjugated biomolecules decreases with increasing PEGDA concentration despite increase in the number of conjugation sites (i.e., ADIBO molecules) resulting from higher chitosan incorporation at high PEGDA content conditions (Supporting Information Figure  S6 ). We attribute this reduced number of conjugated biomolecules to small mesh size (<1 nm) 42 of the high PEG content microspheres, leading to mass transfer limitation of the relatively large biomolecules into the microspheres. 16, 44 Next, confocal microscopy results (bottom rows, Figure 3b − g) revealed clear structural features of the microspheres fabricated with varying PEGDA concentrations. First, the 10% PEGDA microspheres (Figure 3b ,e, bottom rows) show uniform fluorescence throughout the microspheres, consistent with the fluorescence results in the top rows of Figure 3b ,e. This result indicates that the mesh size of the 10% PEGDA microspheres is large enough for both biomolecules (i.e., FssDNA, radius of gyration R g ≈ 2 nm 45 and R-PE, hydrodynamic radius R h ≈ 5.6 nm 46 ) to readily penetrate into the microspheres during the 24 h conjugation reaction. Considering a narrowed path for other R-PEs diffusing through the hydrogel networks by the as-conjugated R-PEs, 44 the effective mesh size of the 10% PEGDA microspheres should be substantially larger than the size of hydrated R-PEs (i.e., macroporous structure; ≥50 nm mesh size). 47 This should allow most of the conjugation sites in the microspheres to be readily accessible, leading to the highest capacity for the biomolecular conjugation of both F-ssDNA and R-PE among the microspheres examined here (detailed conjugation capacity analysis in Figure 4) . Next, the 20% and 30% PEGDA microspheres (bottom rows in Figure 3c,f and d,g ) show bright fluorescence layers along the sphere surfaces, again consistent with the fluorescence results in the top rows of Figure 3c ,f and d,g. This result indicates that both biomolecules can penetrate and are conjugated only in the shell layers with well-defined thicknesses in contrast to small NHS−fluorescein ( Figure 2) ; penetration depth PD=28 ± 3 μm for the F-ssDNA and 20 ± 1 μm for the R-PE. Note, the penetration depth of the F-ssDNA in the 20% PEGDA microspheres corresponds well to the thickness of PEG-poor shell region in these microspheres (26 ± 1 μm, Figure 2c ). We thus attribute this penetration depth of the F-ssDNA to small mesh size at the PEG-rich core region and macroporous (i.e., large mesh size) shell layer, also in support of the discussion in Figure 2 .
Next, the penetration depth of the R-PE in the same microspheres (PD = 20 ± 1 μm, bottom row of Figure 3f ) is smaller than that for the F-ssDNA (PD = 28 ± 3 μm) due to R-PE's larger size, 44 further supported by gradually increasing penetration depth over time during conjugation (data not shown). Meanwhile, small standard deviation (5%) of the penetration depth for the R-PE indicates uniform mesh size of the shell layer and its thickness. Next, the bottom rows of Figure 3d ,g for 30% PEGDA microspheres show smaller penetration depth of each biomolecule (PD ≈ 10 μm) than 20% PEGDA ones, yielding the lowest conjugation among the microspheres examined. Importantly, these confocal microscopy results in Figure 3 show that there exist sufficient sites for the biomolecular conjugation in the entire 10% PEGDA microspheres and the shell layers of the 20−30% PEGDA ones, while the chitosan incorporation appears low for fluorescent labeling in these regions (Figure 2 ). The macroporous regions in the microspheres should offer favorable environment for the conjugation of large biomolecules (e.g., proteins), leading to enhanced conjugation capacity and kinetics (further discussed in Figures 4 and 5) . We also examined the mesh size of the 10% and 20% PEGDA microspheres with substantially larger supramolecules, i.e., nanotubular tobacco mosaic virus (TMV, 18 × 300 nm dimension and R h ≈ 55 nm 48 ) by exploiting hybridization-based TMV-assembly approach 49, 50 (Supporting Information Figure S9 ). The confocal micrographs of the microspheres assembled with fluorescein-labeled TMVs show a very thin fluorescence layer (thickness ≈ 1 μm) along the sphere surfaces, indicating that the mesh size of both microspheres is not large enough for the penetration of TMVs. This result suggests that the mesh sizes of the microspheres are uniform throughout the macroporous regions; substantially larger than R-PE (R h ≈ 5.6 nm) yet smaller than TMV (R h ≈ 55 nm). Meanwhile, the assembled TMVs on the surface of the microspheres indicate that conjugated ssDNAs with the microspheres are available for targeting large biomolecules.
The well-defined core−shell structures shown in Figure 3 can allow programmable functionalization of the microspheres via size-selective conjugation, as shown in Supporting Information Figure S10 . Specifically, sequential conjugation of the R-PE and a small fluorescent marker (F-488, MW 576 Da) via SPAAC reaction led to localization of the R-PEs in the shell region while the remaining ADIBO-activated chitosans were conjugated with F-488 molecules throughout the microspheres, particularly with high titer in the core region. In other words, functional molecules with varying sizes can be selectively localized with spatial control (i.e., core and shell) in the microspheres even with the same conjugation scheme. For example, cell-or surface ligand-targeting macromolecules such as antibodies (150−160 kDa) 51 and aptamers (8−25 kDa) 52 can be placed at the shell layers, and the remaining abundant conjugation sites around the cores can be loaded with small therapeutic molecules such as doxorubicin (MW 544 Da) 53 Figure 3 indicate that our simple onestep micromolding approach enables fabrication of chemically functional microstructures with controlled macroporous polymer networks without delicate flow control, 10 arduous multistep procedures, 12−14 and/or porogens. 8 The microspheres with uniform macroporous or well-defined shell layers shown in Figure 3 should thus have significant potential for size-selective biosensing applications 56 where rapid and specific binding of biomacromolecular targets in hydrophilic platforms are highly desired. Overall, the results in Figure 3 show welldefined and macroporous network structures of the microspheres suitable for controlled biomacromolecular conjugation.
Protein Conjugation Capacity of Chitosan−PEG Microspheres. Next, we further examined consistency of the macropore structure formation and protein conjugation capacity via fluorescence microscopy and total fluorescence analysis, as shown in Figure 4 . For this, we fabricated smaller 10−20% PEGDA microspheres than those shown in Figures 2 and 3 by utilizing micromolds with smaller volume. These microspheres were then conjugated with the R-PEs via SPAAC reaction for 24 h under identical conjugation conditions as in Figure 3 . Total fluorescence intensity of the protein-conjugated microspheres were also compared with shape-encoded particle platforms in our recent study 50 to examine effects of macroporous microsphere structures on protein conjugation capacity.
First, the fluorescence (Figure 4a ,b, top row) and bright-field micrographs (data not shown) reveal highly monodisperse microspheres (C.V. < 1%) with minimal difference in diameter (131 and 133 μm for 10% and 20% PEGDA, respectively). This result for the microspheres with roughly four-fold smaller volume is similar to that for the large microspheres (204 and 209 μm diameter) in Figures 1e and 2 , illustrating consistency of droplet and microsphere formation in our simple fabrication scheme. Next, the top row of Figure 4a ,b show uniform fluorescence throughout the 10% PEGDA microspheres and brighter fluorescence near the surfaces of the 20% PEGDA ones, consistent with the result for large microspheres in Figure  3 . This result indicates that the formation of macroporous and well-defined 3D structures of the microspheres in Figure 3 is consistent for various sizes. The confocal micrographs ( Figure  4a ,b, bottom row) confirm these structural features; R-PEs readily penetrate and are conjugated throughout the 10% PEGDA microspheres and in the shell layers of the 20% PEGDA ones. Meanwhile, penetration depth (PD) of the RPEs in the small 20% PEGDA microspheres (12 ± 1 μm) is smaller than that in the large-sized ones (20 ± 3 μm), suggesting controllable thickness of the macroporous shell layers based on microsphere size. Structures of the shell layers such as thickness and mesh size may be further tuned via use of inert PEG porogens and/or PEGDAs with longer chain lengths. 16, 57 To quantitatively evaluate R-PE conjugation capacity of the microspheres, we next compared total fluorescence intensity from identical imaging condition (i.e., 50 ms exposure time) by utilizing linearity between fluorescence intensity and exposure time, 50 as shown in Figure 4c . First, the total fluorescence intensity of both large and small 10% PEGDA microspheres (gray columns) is higher (1.3−1.5 times) than that of 20% PEGDA microspheres (striped columns). This indicates higher protein conjugation capacity of the 10% PEGDA microspheres due to their larger macroporous regions spanning the entire sphere volume versus the shell layers of the 20% PEGDA ones (Figure 4a,b, bottom row) . Next, the conjugation capacity of large microspheres (∼207 μm) is ∼3.5 times higher than that of the small ones (∼132 μm). Meanwhile, R-PE conjugation kinetics with the large microspheres (Supporting Information Figure S11 ) showed incomplete R-PE conjugation upon 24 h incubation (i.e., gradual increase for 48 h) unlike the small microspheres reaching near-saturation upon 24 h incubation. Thus, the actual difference in the conjugation capacity between the large and small microspheres is larger than the one shown here in Figure 4c ; roughly 4-fold difference in conjugation capacity between them upon 48 h reaction (Supporting Information Figure S11 ), similar to the difference in the microsphere volume. Next, we compared the conjugation capacity of these small microspheres to shape-encoded chitosan-microparticles (fabricated without droplet formation) with and without TMV templates from our recent studies. 44, 50 Briefly, chitosan-particles with similar dimensions to the small microspheres have 44-fold enhanced conjugation capacity over planar substrates due to their 3D structure, with ∼3 μm of R-PE penetration below their surfaces. 50 Chitosan-particles with surface-assembled TMV templates (TMV-particles) via nucleic acid hybridization-based approach as in Supporting Information Figure S9 show 53-fold enhancement in capacity over the (Figure 4a,b) sizes, and TMV-(white column) and chitosanmicroparticles (black column) adopted from our recent study. 50 Error bars represent standard deviation from five microspheres per each condition.
Article chitosan-particles due to the TMV templates providing abundant and precisely spaced sites for protein conjugation. 50 As shown in Figure 4c , the protein conjugation capacity of the small microspheres (gray and striped columns) is 2 orders of magnitude higher than that of the chitosan-particles (black column). We attribute this substantially enhanced conjugation capacity to macroporous structures of the microspheres, leading to much deeper R-PE penetration (Figure 4a,b, bottom row) than that into the chitosan-particles (only 3 μm). Next, conjugation capacity of the microspheres is higher (∼3 and 2-fold for 10% and 20% PEGDA microspheres, respectively) than that of the TMV-particles (white column), suggesting abundant conjugation sites that are readily accessible in the macroporous regions of the microspheres. Our simple estimation for the number of protein conjugation sites in the small 10% PEGDA microspheres (Supporting Information Figure S12 ) also supports this hypothesis on abundant sites for protein conjugation in the microspheres. In short summary, the results in Figure 4c clearly show significantly enhanced protein conjugation capacity of our microspheres due to their macroporous structures with abundant conjugation sites (i.e., over 4400 times higher conjugation capacity than that of the planar substrates).
Other 3D structured platforms such as polymer brush-grafted substrates have been reported in several studies, 58 −61 yet the enhancement in the conjugation capacity of such platforms (2− 14 times) over reference substrates (without polymer brushes) is substantially lower than that of our microspheres shown here. This substantially improved conjugation capacity of the microspheres demonstrates benefits of our micromoldingbased technique leading to well-defined macroporous structures. In addition, for optimal protein conjugation with the polymer brush-based platforms, several fabrication and reaction parameters (e.g., density, thickness and solvation of the polymer brushes) should be carefully chosen and maintained to prevent collapse and aggregation of the polymer brushes. 59, 60 In contrast, the well-defined macroporous 3D structures of our microspheres are retained through various pH and ionic strength conditions due to cross-linked polymer networks providing mechanical integrity (data not shown). In turn, these macroporous structures should provide further benefits in biosensing applications in terms of target binding kinetics with minimal mass transfer limitation. Finally, our postfabrication protein conjugation approach can preserve the activity of labile proteins such as antibodies unlike other copolymerizationbased strategies, 3, 62 which potentially lead to protein damage by reactive radicals generated during polymerization. 63 Combined, the results in Figure 4 show consistency of our micromolding-based approach for fabrication of well-defined and macroporous microspheres with varying sizes. In addition, the total fluorescence analysis results show substantially enhanced protein conjugation capacity of the microspheres due to their macroporous structures, suggesting their potential as attractive platforms for biosensing applications.
Protein Conjugation Kinetics of Microspheres. Finally in Figure 5 , we examined the effect of inherent reaction rates on "apparent" protein conjugation kinetics. For this, we compared the conjugation kinetics behavior of R-PE with the microspheres via rapid tetrazine−trans-cyclooctene (Tz−TCO) cycloaddition reaction (k = 820 M −1 s First, the normalized fluorescence plot of the 10% PEGDA microspheres via Tz−TCO reaction (Figure 5b , open squares) shows gradual increase in fluorescence with time, reaching maximum (i.e., completion of R-PE conjugation) within 24 h and 55% and 80% of the maximum upon 2 h (dashed line) and ∼8 h reaction (dash-dot line), respectively. The fluorescence of the 10% PEGDA microspheres via SPAAC reaction (open circles) also gradually increases over time, showing minimal difference in the conjugation kinetics behavior with that via Tz−TCO reaction, 31% and 80% of the maximum upon 2 h (dashed line) and ∼11 h reaction (dash-dot-dot line). These 
Article results indicate minimal difference in the rate of R-PE conjugation between Tz−TCO and SPAAC reaction despite significant difference (∼400 times) in their inherent reaction rates. This suggests that the conjugation kinetics is mainly governed by mass transfer (i.e., diffusion) of the R-PEs through the 10% PEGDA microspheres under the reaction conditions enlisted here. Importantly, reaching ∼50% of the conjugation completion within 2 h via Tz−TCO reaction suggests rapid diffusion of the R-PEs through the microspheres due to their macroporous structure.
Next, the 20% PEGDA microspheres via Tz−TCO reaction (Figure 5c , open squares) show gradual increase in fluorescence similar to that of the 10% PEGDA microspheres, reaching conjugation completion (∼80% of the maximum fluorescence on the 10% PEGDA microspheres) within 24 h. Specifically, the conjugation reaches 61% and 80% of the completion upon 2 h (dashed line) and ∼5 h reaction (dash-dot line) respectively, showing rapid diffusion of the R-PEs through the macroporous shell layers of the microspheres. Note, the difference in fluorescence at the conjugation completion between 10% and 20% PEGDA microspheres is due to the difference in their conjugation capacity (i.e., chitosan's amine groups available for conjugation, Figure 4c ). The fluorescence of the 20% PEGDA microspheres via SPAAC reaction also gradually increases, yet much slowly; longer reaction time (∼39 h) is required to reach 80% of the completion (dash-dot-dot line). This result indicates that the inherent conjugation reaction rates have impact on the conjugation kinetics behavior with the 20% PEGDA microspheres to some extent unlike the 10% PEGDA microspheres, and implies smaller mesh size of the shell layers in the 20% PEGDA microspheres than that of the entire 10% PEGDA ones. In other words, combination of small mesh size and slow inherent rate of SPAAC reaction should lead to considerable decrease in driving force (i.e., protein concentration gradient within the microspheres) for the proteins to diffuse into the microspheres resulting in slower conjugation.
Next, the 20% PEGDA microspheres with Tz−TCO reaction take shorter reaction time (∼5 h) to reach 80% of the conjugation completion than the 10% PEGDA ones (∼8 h); Figure 5b ,c, dash-dot lines. We attribute this faster approach toward the completion for the 20% PEGDA microspheres to smaller thickness of their macroporous region (i.e., shorter diffusion length). That is, the 20% PEGDA microspheres reach the conjugation completion once the R-PEs penetrate only 12 μm below the sphere surfaces (corresponding to thickness of their shell layers) unlike the 10% PEGDA microspheres (PD ≈ 65 μm, corresponding to radius of the microspheres). This suggests that the apparent conjugation kinetics is controllable with thickness of the macroporous regions in the microspheres, which is further supported by the results in Supporting Information Figure S11 (i.e., smaller microspheres take shorter time to reach saturation due to shorter diffusion length resulting from smaller thickness of the macroporous regions). In summary, the results in Figure 5 show that conjugation kinetics behavior with the microspheres is rapid, and controllable by tuning their structures (i.e., mesh size and thickness of macroporous regions). Meanwhile, the microspheres' mesh structures should also affect target protein binding kinetics (e.g., antibody−antigen (Ab−Ag) binding) in a similar manner to the conjugation kinetics with rapid Tz−TCO reaction, since the inherent biospecific binding for such events also are often rapid (k ≈ 10 4 −10 6 M −1 s −1 for Ab−Ag binding 64, 65 ). Combined with tunable probe conjugation capacity of the microspheres (Figure 4c ), biosensing performance parameters (e.g., assay time and sensitivity) can be readily controlled by tuning the microsphere structures. Our simple micromolding-based technique should enable such control of structures by simple parameters such as PEGDA contents ( Figure 3 ) and sphere sizes ( Figure 4 ) and also via use of PEGDAs with different lengths and PEG porogens. 16, 57 Compared with the chitosan-particles from our recent study, 50 the conjugation kinetics with the macroporous microspheres appears to be somewhat slower, conjugation completion via Tz−TCO reaction within 24 h for the microspheres vs 18 h for the chitosan-particles, partially due to much longer diffusion length and higher conjugation capacity (Figure 4 ). Yet, the macroporous structure of the microspheres should benefit the conjugation kinetics given their significantly enhanced conjugation capacity over the chitosanparticles (Figure 4c ), minimal increase in reaction time to reach 2 orders of magnitude higher maximum conjugation (i.e., much faster protein conjugation rate based on the number of conjugated proteins per hour). Meanwhile, our recent study 50 reported that the conjugation kinetics as well as capacity of the chitosan-particles was improved via high density surfaceassembly of TMV templates with abundant protein conjugation sites (TMV-particles), yet this approach has limitations in multistep procedures (Supporting Information Figure S9 ). In contrast, our approach for fabrication of the microspheres with controlled macroporous structures and high conjugation capacity provides much simpler routes to improved conjugation and biosensing performances.
In summary, the results in Figure 5 show rapid protein conjugation kinetics behavior with microspheres due to their macroporous structures. In addition, the conjugation kinetics can be readily tuned with simple parameters.
■ CONCLUSIONS
In this report, we demonstrated a facile approach to fabricate highly uniform and chemically functional chitosan−PEG microspheres with controlled macroporous structures and their utility in biomolecular conjugation via bioorthogonal SPAAC and Tz−TCO cycloaddition reactions. First, highly monodisperse (C.V. < 1%) chitosan−PEG microspheres with a wide range of PEGDA contents (5−70%) were readily fabricated via a simple micromolding-based technique utilizing surface tension-induced droplet formation of aqueous chitosan−PEGDA prepolymer solution followed by photopolymerization. At 20−30% PEGDA content conditions, PIPS led to formation of core−shell structures. Fluorescent labeling results revealed stable incorporation of chitosan in the microspheres with retained chemical reactivity toward amine-reactive chemistries. Lastly, biomolecular conjugation results with FssDNAs and R-PEs showed well-defined macroporous regions of the microspheres (i.e., entire 10% PEGDA microspheres and shell layers of 20% PEGDA ones), allowing for rapid protein conjugation and significantly enhanced capacity (e.g., ∼4400 times over planar substrates) as well as programmable and sizeselective conjugation. We envision that our integrated fabrication−conjugation approach can be readily enlisted to manufacture microspheres with controlled macroporous structures and programmable functionalities for various biomedical applications.
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